[1] We report new century-scale ice core records of hydrogen peroxide (H 2 O 2 ), a major atmospheric oxidant, from 23 locations across the West Antarctic Ice Sheet (WAIS) and use the spatial variability of (multi-) annual mean H 2 O 2 concentrations in snow and firn to investigate the sensitivity of ice core H 2 O 2 preservation to mean annual temperature and accumulation rate. In agreement with the ice-air equilibrium partitioning, H 2 O 2 uptake in near-surface firn was found to be greatest at low temperatures, while postdepositional losses from degassing increase as accumulation rates decrease. This resulted in almost complete loss of H 2 O 2 at warm (>À25°C), low-accumulation sites (<13 cm yr
[1] We report new century-scale ice core records of hydrogen peroxide (H 2 O 2 ), a major atmospheric oxidant, from 23 locations across the West Antarctic Ice Sheet (WAIS) and use the spatial variability of (multi-) annual mean H 2 O 2 concentrations in snow and firn to investigate the sensitivity of ice core H 2 O 2 preservation to mean annual temperature and accumulation rate. In agreement with the ice-air equilibrium partitioning, H 2 O 2 uptake in near-surface firn was found to be greatest at low temperatures, while postdepositional losses from degassing increase as accumulation rates decrease. This resulted in almost complete loss of H 2 O 2 at warm (>À25°C), low-accumulation sites (<13 cm yr
À1
), but excellent preservation of records at cold, high-accumulation sites. A two-parameter semiempirical model fitted to the 1911-1960 H 2 O 2 means across all sites predicts >94% deviations from the ice-air equilibrium at high-accumulation sites (>30 cm yr À1 ), but close-to-equilibrium values on the East Antarctic Plateau, where it is dry (<11 cm yr À1 ). It also estimates a weighted average of the annual atmospheric H 2 O 2 cycle of 1-3 pptv, about 10% of the levels at the bottom of the H 2 O 2 range observed in winter and early spring in coastal Antarctica. Sensitivities from the model fit suggest that recent changes of annual mean temperature observed in Antarctica have no noticeable effect on the H 2 O 2 record in the interior of West Antarctica and that interannual variability of annual H 2 O 2 is dominated by variations in regional-scale accumulation under the current WAIS climate. Intermittent correlations between the first PC time series of accumulation rate and H 2 O 2 concentration anomalies and the annualized SOI during the 20th century are statistically significant (r > 0.6, p < 0.05) during extended El Niño-La Niña events and explain the occurrence of significant spectral peaks at ENSO-like periodicities (2-7 years) in the H 2 O 2 record. Core records of H 2 O 2 at high-accumulation sites (>30 cm yr
Introduction
[2] The ice sheets of Greenland and Antarctica contain the most detailed multiparameter climate record of any paleoarchive currently available. Ice core analysis of gases trapped in air bubbles, major ions, insoluble particles, stable isotopes, electrical conductivity and metals provide a highly resolved time history of past variability in climate and atmospheric composition, increases in anthropogenic emissions and frequency of volcanic eruptions. Hydrogen peroxide (H 2 O 2 ) is an important radical reservoir and contributes to the oxidizing capacity of the atmosphere along with the hydroxyl radical (OH) and ozone (O 3 ). It is the main sink for the HO 2 radical in the gas phase and for sulfur dioxide (SO 2 ) in the aqueous phase. Because of its relatively high solubility in water and ice, H 2 O 2 is deposited in snow to the large ice sheets and preserved over time; the H 2 O 2 ice core record helps constrain past OH levels due to the tight link between H 2 O 2 and the HO x (OH+HO 2 ) radical budget [Sigg and Neftel, 1991; Frey et al., 2005] . Model calculations suggest that the HO x budget, and thus the selfcleansing capacity of the atmosphere can change significantly because of increasing atmospheric methane (CH 4 ), nitrogen oxides NO x (NO+NO 2 ) and NMHCs [Thompson, 1992] and enhanced surface UV-B radiation from stratospheric ozone depletion [Fuglestvedt et al., 1994] . Recently, atmospheric levels of H 2 O 2 were reported from a ground traverse across the West Antarctic Ice Sheet (WAIS) between 76 and 90°S and a 1.7-fold increase in atmospheric mixing ratios during December 2001 compared to Decem-ber 2000 and 2002 has been linked to anomalously low stratospheric ozone concentrations .
[3] The first reported measurements of H 2 O 2 in ice and firn samples from Antarctica were on selected sections of the Byrd core (drilled in 1968 -1969 ) and a core from South Pole (drilled in 1981-1982) and showed preservation down to 1652 m depth ($22 kyr) at Byrd (Figure 1 ) [Neftel et al., 1984] . The very strong seasonality of H 2 O 2 , with maxima in the summer and minima occurring during polar night, also makes it an excellent parameter for dating polar ice cores. It was first reported as a dating tool in an 83-year record (64 m core length) from Siple Station, West Antarctica (Figure 1 ) (drilled summer 1983 -1984) [Sigg and Neftel, 1988] , and has been used routinely in Greenland [Anklin et al., 1998; McConnell et al., 2000a] . Increases in firn and ice concentrations of H 2 O 2 measured in Greenland ice cores have been attributed to atmospheric change [Sigg and Neftel, 1991; Anklin and Bales, 1997] .
[4] However, quantitative interpretation of decadal to centennial ice core records for seasonally dependent water soluble gases, such as H 2 O 2 , is complicated since postdepositional exchange processes between the atmosphere and snow can significantly alter the ice core record [Wolff and Bales, 1996] and the variance associated with the annual cycle typically exceeds any variation expected from trends in climate or atmospheric composition [McConnell et al., 1997a] . The reversible deposition of H 2 O 2 has been described quantitatively with a recently developed physically based atmosphere-to-snow transfer model [McConnell et al., 1997b; McConnell et al., 1997c; McConnell et al., 1998 ]. Concentrations in fresh snow reflect water-to-H 2 O 2 ratios in the cloud, whereas snow exposed sufficiently long to the atmosphere will reach a partitioning equilibrium analogous to Henry's Law [Conklin et al., 1993; Bales et al., 1995] . That is, deposited snow is altered by temperature driven release and uptake until buried by subsequent snowfall [McConnell et al., 1997b; Hutterli et al., 2001] . During the firnification process recrystallisation and diffusional redistribution, which are both functions of local accumulation rates and temperature, cause further loss and smoothing of the seasonal H 2 O 2 signal [Sigg and Neftel, 1988; McConnell et al., 1997b] . Below pore close-off depth, the much slower solid-phase diffusion remains the dominant smoothing process.
[5] Inversion of H 2 O 2 in surface snow at South Pole from a 2-year data set was in agreement with atmospheric box model results and summer gas-phase measurements [McConnell et al., 1997c] and demonstrated that a repeatable annual cycle of H 2 O 2 is recorded in the surface snow. The study showed that surface snow concentrations at South Pole are primarily determined by atmospheric concentration and temperature, with some dependence on grain size [McConnell et al., 1998 ] and that accumulation timing and rate are critical in understanding transfer and preservation [McConnell et al., 1998] . A sensitivity study for Summit, Greenland using the same model showed that changes in atmospheric mixing ratios are linearly recorded in ice cores under otherwise constant environmental conditions and that quantitative separation of the deposition parameters allows for deconvolution of the atmospheric signal [Hutterli et al., 2003] .
[6] The aim of this research was to determine sensitivities of firn and ice concentrations of H 2 O 2 to climate change across the West Antarctic Ice Sheet, and to thence develop spatial records that provide a regional signal of change in atmospheric H 2 O 2 over the past few centuries. We first describe the levels of H 2 O 2 concentrations that are present in snow and firn deposited onto the West Antarctic Ice Sheet over the past centuries and how (multi-) annual averages vary spatially and temporally as a function of temperature and accumulation rate. We then investigate the spatiotemporal coherence of the distributed array of annual H 2 O 2 and accumulation records, and determine what regional and large-scale climate signal the H 2 O 2 records contain. Finally, we use these results to determine the optimal location for Table 1) in West Antarctica and at the South Pole. Core sites were grouped according to annual accumulation rate and temperature. Group 1: Ross Ice Drainage System (00-1, 00-4, 00-5, 00-6, 00-7, 02-1, 99-1, 99-2, RIDS-A, RIDS-B, RIDS-C, Siple Dome) with an accumulation rate of 17 ± 4 (range 10-25) cm yr À1 and annual mean temperature of À28.1°C. Group 2: Amundsen Sea Drainage System (00-2, 00-3, 01-1, 01-2, 01-3, 01-4, 01-5, 01-6, Siple Station, including also 02-2) with an accumulation rate of 38 ± 5 (range 33-50) cm yr À1 and annual mean temperature of À26.8°C. Group 3: East Antarctic Plateau (02-3, 02-4 or 'Hercules Dome', 02-5 and South Pole) with an accumulation rate of 11 ± 4 (range 7 -15) cm yr À1 and annual mean temperature of À45.2°C.
obtaining a millennial-scale and Holocene-transitional history of atmospheric H 2 O 2 .
Methods

Sample Collection and Analysis
[7] H 2 O 2 concentrations were measured in snow pits and ice cores from 24 locations across the West Antarctic Ice Sheet ( Figure 1 and Table 1 ); previously published results from Siple Dome [McConnell, 1997; Kreutz et al., 1999] and Siple Station [Sigg and Neftel, 1988] were also included in this study ( Figure 1 and Table 1 ). All ITASE cores were drilled during the U.S. ITASE seasons 1999 -2002, while the cores from RIDS (Ross Ice Drainage System) sites A, B and C and the South Pole were collected in 1995 by the University of New Hampshire and PICO (Polar Ice Coring Office), respectively [Kreutz et al., 2000b; Meyerson et al., 2002] . Procedures for ITASE cores, including retrieval, handling and transport from the field to the National Ice Core Laboratory (NICL), Denver, CO are described in detail elsewhere . The use of the Icefield Instruments Eclipse 2 drill had the disadvantage that core collection usually started 1 m below the snow surface. Therefore, we sampled the top 0.3-5 m at all ITASE sites at 1-3 cm depth resolution either using a stainless steel custom-built sampling tool or during ITASE 2001 and ITASE 2002 with a 5.6-cm lightweight drill (built by Glacier Data for the University of Maine). Longitudinal 3 Â 3 cm 2 sections of all cores were sampled at NICL and shipped frozen to our laboratories at the University of Arizona, Tucson, AZ and the Desert Research Institute (DRI), Reno, NV.
[8] Cores drilled on the U.S. ITASE traverses were generally analyzed within 12-18 months, while the earlier cores had already been in storage at NICL for more than 5 years. Immediately prior to analysis, cores were removed from the plastic sample bags in a cold room kept at À20°C, cut with a commercial band saw to fit a melter stand, the ends shaved off with a teflon coated spatula to avoid possible contamination and then analyzed for a series of chemical species and electrical conductivity using a self-built continuous flow analysis (CFA) system, similar [Sigg and Neftel, 1988] and Siple Dome [McConnell, 1997; Kreutz et al., 1999] . 1950 -1999) , 01-6 (1977 -2000) , 02-5 (1973 -2000) , South Pole (1950 Pole ( -1995 and RIDS-C (1911 RIDS-C ( -1921 ; for the latter compare with accumulation rate in snow water equivalent from the Byrd core of 10 -12 cm yr À1 [Hammer et al., 1994; Hammer et al., 1997] . [Sigg and Neftel, 1988] . n H 2 O 2 data reported previously [McConnell, 1997; Kreutz et al., 1999] .
to the ones described previously [Anklin et al., 1998; Röthlisberger et al., 2000] . Cores were continuously melted on a temperature controlled, teflon-coated cylindrical aluminium melterhead at melt rates between 4-8 cm min À1 . Only the melt water pumped from the inner portion of the core was used, to assure that samples had minimum contact with lab air. Reagents were subsequently mixed into the sample water stream at a constant pumping rate and the chemical species quantitatively determined using the respective fluorescence or photometric detection method [Röthlisberger et al., 2000] . H 2 O 2 was quantified by detection of the fluorescence signal from the dimer formed after enzymatic reaction of peroxides with 2,4-ethylphenol at pH > 11. Snow-pit samples and shallow cores recovered with the 5.6-cm drill were analyzed for H 2 O 2 in the field, either immediately onsite or in the lab at McMurdo Station, Antarctica during the same field season. Snow-pit samples from the 2000 season were also tested for the presence of organic peroxides using an HPLC method .
[9] For the first time, we included chloride (Cl À ) in the series of coregistered chemical parameters by optimizing a standard photometric detection method [Zall et al., 1956; U.S. EPA, 1986] to concentration levels typical for Antarctic snow and firn, ranging from 14 to 64 ppbw [Legrand and Mayewski, 1997] . Chloride reacts with mercuric thiocyanate, liberating thiocyanate ion by forming soluble mercuric chloride. In the presence of ferric ion, free thiocyanate ion forms a highly colored ferric thiocyanate complex, which was quantified at 469 nm using an ACUTECT 500 UV/VIS detector. Pumping rates for sample, color reagent and the working nitric acid solution were set to 0.405, 0.092 and 0.045 ml min
À1
, respectively. The LOD (Table 2) , defined as three standard deviations of the baseline, was determined from five continuous days of core analysis and at 7.1 ppbw is significantly lower than that published previously for this method [Zall et al., 1956] , comparable to 2.0 ppbw established by ion chromatography [Legrand and Delmas, 1984] .
[10] Cores from the RIDS sites, the South Pole and ITASE-2000 season were analyzed in the lab at the University of Arizona for Ca 2+ , NH 4 + , H 2 O 2 , NO 3 À , Cl À and electrical conductivity using the CFA setup as described above. The remaining cores from the ITASE 2001 -2003 seasons were analyzed at the lab of the Desert Research Institute, using the CFA method to determine H 2 O 2 , NO 3 À and electrical conductivity; concentrations of total Ca, Mg and Na were determined with a CFA-ICP (Inductively Coupled Plasma) method where the sample water stream is analyzed in real time with an IRIS Intrepid ICP-OES (Optical Emission Spectrometer; Thermo Electron Corp.) using a modification of the system described by .
[11] The standard response and baseline of detectors were monitored by switching to lab blank water and running liquid standards on average after every 10 m of core melted. Absolute concentrations of liquid H 2 O 2 standards determined at least once a year by titration with KMnO 4 showed less than a 6% decrease over a time period of 2 years. LOD and precision, defined as the standard deviation of a set of measurements of the same quantity, for most chemical parameters compare well to values published in the literature ( À yielded a rms error of 6.2% and 11.1%, respectively, suggesting that intralab repeatability of the CFA measurements is excellent. In addition, comparison between our CFA results and IC measurements performed by the University of Maine on replicate samples of RIDS and ITASE cores confirmed a good interlab reproducibility of trace level measurements using either method (D. Dixon, personal communication, 2003) . However, we decided not to use neither NH 4 + concentrations nor the results for Ca 2+ levels determined at the lab in Arizona, because a combination of low concentration levels and uncorrectable baseline drifts resulted in some negative concentrations.
[12] The raw mV signal from each channel was corrected for baseline drift, matched in time with the electrical conductivity signal to ensure exact coregistration and converted into liquid concentration. Core depth was then calculated from melt time assuming that melt rates remained constant between core breaks. All core records were resampled at a uniform rate on an evenly spaced time grid and final data reported at a resolution of 48 samples per year. This translates into 'artificial' depth resolutions ranging between 0.16 and 0.89 cm depending on the respective site accumulation rate. However, the 'true' depth resolution is limited by capillary rise in the firn sample and dispersion in the CFA tubing and is estimated to be around or better than $2 cm in shallow firn and $1 cm in ice [see also Anklin et al., 1998 ]. Core (pit) densities, determined in the field at 1 m resolution, were interpolated to core depths with a fifth-order polynomial (linear) fit and used to calculate the corresponding snow water equivalent depth.
Core Chronology
[13] Cores were annually dated on the basis of a combination of seasonal markers, which included sea salt related ions (Na + , Cl À , Ca
2+
, Mg 2+ ), nitrate (NO 3 À ) and hydrogen Averages and 1s range of the normalized standard deviation of a set of multiple runs of the same liquid standard were computed for all lab days (typically 2 -6 standards per lab day included; number of lab days in parenthesis). Determined from all U.S. ITASE cores including snow pit samples.
peroxide (H 2 O 2 ) ( Figure 2 ). The H 2 O 2 record provides the most robust timing marker (midwinter), since the predominant source of atmospheric H 2 O 2 is of photochemical origin, limiting production to the sunlit season [see also Steig et al., 2005] . The only existing set of year-round measurements of H 2 O 2 in the Antarctic troposphere is from a coastal site and shows a distinct seasonal cycle with a minimum around the winter solstice [Riedel et al., 2000] . Year-round snow sample studies at the South Pole provide evidence that the same highly repeatable annual cycle is recorded in the surface snow and preserved at depth as a function of accumulation rate and temperature [McConnell and Bales, 2004] . We therefore assigned the day of the solstice on 21 June to the H 2 O 2 minimum.
[14] We assumed that the bulk of sea salt deposition occurs mainly during the late winter and early spring months as a consequence of storm events, based in part on the observed annual cycle of atmospheric sea salt aerosols at South Pole [Bodhaine et al., 1986; Shaw, 1988; Bergin et al., 1998 ] and ice core measurements in West Antarctica and at South Pole [Whitlow et al., 1992; Kreutz et al., 2000b] . We further investigated this by evaluating the monthly distribution of sea salt deposition on the basis of an independently derived depth-age scale using only the H 2 O 2 concentration minima and assuming uniform accumulation throughout the year. Results from 810 main sea-salt peaks at eight sites (00-2, 00-3, 01-1, 01-2, 01-3, 01-4, 01-6 and 02-2) show a broad maximum, indicating that more than 50% of the peaks occurred in August and September (Figure 3 ). Using the same approach, nitrate is mostly deposited in December and January (>50% of a total of 715 identified peaks). Multiple peaks per year of similar magnitude in most cores do not allow the use of NO 3
À as a truly independent seasonal marker. However, one peak was usually in phase with the H 2 O 2 maximum and out of phase with the sea salt peak confirming the overall dating approach ( Figure 2 ). It should be noted that deviations from a uniform distribution of accumulation throughout the year, which was assumed in this study, add to the total error in estimated intraannual deposition timing. Following the above reasoning we tied the sea salt peak to 1 September.
[15] Snow and firn layers deposited some time after a major volcanic eruption are usually high in acidity and sulfate concentrations. Electrical conductivity (EC) is a bulk parameter combining contributions from major ions and protons in solution. High electrical conductivity layers 2+ , Mg 2+ or Cl À ) and nitrate based on depth-age scales independently determined from H 2 O 2 winter minima; lines (bars) refer to the peak count at individual (all) core sites. Cores from sites 00-2, 00-3, 01-1, 01-2, 01-3, 01-4, 01-6 and 02-2 were included. Note that in the case of multiple NO 3 À peaks per year, the summer pick was based on the sequence of other available markers.
were associated with major volcanic eruptions in 1808/09 ('unknown event') and 1815 (Tambora) and 1883 (Krakatoa) and thus provided an absolute time marker in cores from intermediate to low-accumulation areas and independent validation of the layer counting (Table 1; Figures 2a and 2b, bottom) . Running a 200-point median filter and analysis of the positive residual yielded no further information on eruptions of lesser magnitude as, for example, detectable in the sulfate record [Cole-Dai et al., 1997; Dixon et al., 2004] because of the high-EC background.
[16] Previously published depth-age scales were used for the RIDS [Kreutz et al., 2000a] and the South Pole [Meyerson et al., 2002] cores ( Figure 4 and Table 1 ). No strain rate correction to account for layer thinning was applied to any of the core records.
Results
[17] Depending on local accumulation rates and core depth, record lengths of all cores cover on average the past 245 years, ranging from 24 years at site 01-6 to 695 years at the South Pole (Table 1 ). The core sites varied significantly in their environmental parameters; elevations ranged between 621 (Siple Dome) and 2810 m (South Pole) and mean annual temperatures were as low as À49.3 at South Pole and as high as À21.4°C at site 99-2 (Table 1) . Mean annual (Figure 2 ) and thus allowed development of core chronologies based on the deposition timing of the respective tracers, as noted above. Layer counting at site 02-4 ('Hercules Dome') was done by using a combination of published dD data [Jacobel et al., 2005] and our continuous electrical conductivity measurements. Volcanic layers associated with the eruptions of Krakatoa (1883), Tambora (1815) and the 'unknown event' (1808/09) were detected at 25.38 m, 37.19 m and 38.29 m, respectively, leading to a revision of the provisional timescale and the accumulation rate estimate at this site [Jacobel et al., 2005] . The age at 48-m depth is now estimated to be 240 years; this age was estimated before to be at 72 m [Jacobel et al., 2005] . Mean accumulation rates are 11.3 ± 2.5 cm yr À1 and 12.4 ± 3.5 cm yr À1 over the past 116 years (25.4 m) and the full record, respectively; these were estimated before to be 16 ± 4 cm yr À1 and 20 ± 8 cm yr
À1
, respectively [Jacobel et al., 2005] . Below 48 m we used a linear extrapolation based on the 1762 -1800 mean accumulation rate of 14 cm yr À1 . At site 02-5 accurate dating with the available parameters was possible down to 8.08 m, corresponding to spring 1973. Below that we again estimated an average depth-age scale by extrapolating the 1817 -1973 mean layer thickness of 7 cm of water per year. The bottom age of the South Pole core drilled in 1995, dated annually back to 1487 A.D. (71 m depth) [Meyerson et al., 2002] was estimated to be 695 years using a mean accumulation rate of 8 cm yr À1 to extrapolate from 71 down to 92 m depth (Table 1) .
[19] The dating uncertainty is basically reduced to zero at all sites where the seasonal H 2 O 2 signal is preserved along the entire core (00-1, 00-2, 00-3, all ITASE 2001 sites and 02-2). It has been found that wet deposition involving both the liquid and solid phase dominates deposition of water soluble ions including sea salt related chemical species at sites in the interior of West Antarctica [Kreutz et al., 2000a] and at coastal sites with minor contributions from dry deposition (<10%) [Wolff et al., 1998 ]. During years with low or no accumulation dry deposition should still lead to visible sea salt peaks in the core record. Thus, comparison with the sea salt tracer signal made it unlikely to miss entire years because of reduced or even no snowfall.
[20] For the remainder of the core records (00-4, 00-5, 00-6, 00-7, 02-1, 02-3, 02-4, 99-1), dating uncertainty was ±1 years except for 00-6 and 00-7 where uncertainty is estimated to be ±2 years on the basis of repeated layer counts and comparison to absolute time horizons (Table 1) . Our core chronologies agree well with results from the same U.S. ITASE 2000 and 2001 cores published previously Kaspari et al., 2004; Steig et al., 2005] with minor differences in year-to-year values because of the use of different seasonal markers. A comparison of the 1922-1990 mean accumulation rate at 10 sites (00-1, 00-4, 00-5, 01-2, 01-3, 01-5, 99-1, RIDS-A, RIDS-B, South Pole) showed that our results are within 0.4 cm yr À1 of previously published values , except at 01-2, where we obtain 1.2 cm yr À1 less accumulation than Kaspari et al. [2004] .
[21] Absolute H 2 O 2 concentrations measured in pits and cores were generally in agreement with a few exceptions: during transport and storage (>18 months, in some cases up to 5 years) diffusional redistribution led to considerable smoothing of the seasonal H 2 O 2 signal, decreasing the summer maximum and increasing the winter minimum. Annual mean levels appear not to be affected by this process, thus for the top meter we report only the annual mean value from the pits or shallow cores analyzed in the field (Figure 4) .
[22] On the basis of HPLC analysis of 400 snow pit samples collected at ITASE 2000 sites (Figure 1) we conclude that the contribution of organic peroxides to the total peroxide signal is negligible and concentrations of methylhydroperoxide (MHP), if present, are below the LOD of 7 ppbw . No results for the upper 17 m of the RIDS-C core are reported, since for the top 13 m no archived samples from the National Ice Core Lab (Lakewood, CO) were available and for the remaining core sections data were lost because of a logger malfunction during one lab day (Figure 4) .
[23] The spatial variability across all sites in multiannual averages of H 2 O 2 in snow and firn is significant, since the 1911 -1960 means varied by about a factor of 10, ranging from 7 ppbw (RIDS-C) to 67 ppbw (02-2) (Figure 4 ). For 99-2, which at À21.4°C is the warmest site, a continuous H 2 O 2 record was not preserved. H 2 O 2 concentrations drop off quickly from 140 ppbw at the surface to levels <1 ppbw at 0.8 m and eventually below detection limit at 1.8 m depth (data not shown). CFA results down to 48.5 m depth show occasional concentration increases from below the LOD up to 1-3 ppbw. This is similar to patterns already observed in the Siple Dome core (À25.4°C, 12.4 cm yr À1 ) [McConnell, 1997; Kreutz et al., 1999] .
[24] The seasonal variability of H 2 O 2 concentrations at a single site is comparable in magnitude to the observed spatial variability between cores. In the top 4 m, summer maxima exceed winter minima by a factor of 10 (range 3 -17) and at 58-60 m depth by a factor of 6 (range 2 -9) even after diffusional smoothing. Mean seasonal amplitudes over the top 4 m are 104 ppbw (range 34 -180 ppbw) and decrease, where preserved, to 44 ppbw (range 9 -101 ppbw) at 58-60 m depth. The most pronounced seasonal signal along the entire record is observed at site 02-2, a highaccumulation site with a low annual mean temperature. In general, seasonal oscillations in the H 2 O 2 record survive diffusional smoothing over the entire record at sites with annual accumulation rates >22 cm yr À1 ( Figure 4 and Table 1 ), and in the case of 00-1, over a time span of at least 310 years. At sites with 15-22 cm yr À1 annual accumulation rate, the seasonality is lost between 20 and 40 m depth (after 55-142 years). At accumulation rates smaller than 15 cm yr À1 , no regular extrema are recognizable below the top 8 m (Figure 4 and Table 1 ). An exception is RIDS-B at 14.4 cm yr À1 annual accumulation, where the seasonal H 2 O 2 signature is visible down to 23 m depth (85 years).
[25] We performed a Fourier spectral analysis on the 1900-2002 records of annual accumulation rates, H 2 O 2 concentrations and the Southern Oscillation Index (SOI) in order to compare dominant frequencies. Prior to computing the periodograms the ice core records were detrended by substracting a third-order polynomial fit and then along with the SOI normalized to zero mean and unit variance.
The power spectrum of the SOI shows strong periodicities of statistical significance (99% confidence above a red noise background from 1000 Monte Carlo runs based on F statistics) at 3.6, 5.2, 5.6 and 6.5 years (Figure 5a ), with the 2 -7 year periodicity band explaining 76% of the total variance. At site 02-2, for example, significant periodicities occur at 5.1, 5.5, and 6.3 years in the accumulation rate ( Figure 5b ) and H 2 O 2 (Figure 5c ) signal. In general, we found significant spectral peaks at ENSO-like periodicities in all accumulation and H 2 O 2 records. The 2 -7 year interval explains in the case of accumulation rates 47% (RIDS-B) to 83% (01-5) (average 67%) and in the case of H 2 O 2 concentration 30% (00-6) to 76% (02-2) (average 52%) of the total variance.
Discussion
[26] In order to facilitate comparison of the core records, we divided the sites (Table 1) into three different groups on the basis of their respective deposition features (Figure 1 ): warm sites of low to intermediate accumulation rates (group 1), warm sites of high accumulation rates (group 2) and cold sites with low annual accumulation rates (group 3).
Postdepositional Exchange and Diffusion
[27] Postdepositional losses of H 2 O 2 were quantified by comparing average concentrations of snow deposited in the most recent half year with multiannual averages at depth, where there is no further exchange with the atmosphere. We used 1911 -1960 as the reference period, except where the record length is shorter. Implicit in this analysis is that all differences are the result of postdepositional exchange. In fact, some of this difference may be a climate signal and part of an upward H 2 O 2 trend that began $1960 leading to an overestimate of the true H 2 O 2 losses only from physical exchange. However the task to quantify the contribution of an atmospheric trend to the observed ice core signal is subject of a study of its own (manuscript in preparation).
[28] We calculated $0.5 year averages of H 2 O 2 (H 2 O 2(0.5years) ) from our snow pit or shallow core samples taken usually in December, including concentrations from the surface down to the depth of the previous winter minimum. We chose this particular averaging interval because vertical gas fluxes in the firn pore space are driven by concentration and temperature gradients, and the low-H 2 O 2 levels in the cold layer of the previous winter act as a barrier to vertical exchange and loss. We therefore considered mean levels above the winter minimum as representative of recent surface conditions. Average near-surface H 2 O 2 concentration correlates strongly (r = 0.92, p < [Trenberth, 1984] , available at http://www.cgd.ucar.edu/cas/catalog/climind/ soiAnnual.html. Spectral peaks exceeding the dashed line (99% confidence above a red noise background from 1000 Monte Carlo runs based on F statistics) are statistically significant. Strong periodicities in the SOI spectrum are in part mirrored by the spectra of accumulation rate and H 2 O 2 , e.g., at 5.1, 5.6, and 6.5 years. The 2 -7 year periodicity band explains in all three cases 76% of the total variance. 0.01) with mean annual site temperatures (Figure 6a ), but less so with accumulation rate (r = 0.49, p < 0.02), while a multiple linear regression including temperature and accumulation rate does not improve the result (r = 0.91, p < 0.01). This is consistent with the observed temperature dependence of the ice-air equilibrium resulting in more efficient uptake of H 2 O 2 by snow at low temperatures [Conklin et al., 1993] .
[29] For the long-term average H 2 O 2 concentration preserved at each site, we used the 50-year mean from 1911 to 1960 (H 2 O 2(1911 -1960) ), where most records of this study overlap and no significant temporal trends in H 2 O 2 concentrations are detected, with the exception of weak linear trends at 00-7, 01-3, 02-1 RIDS-B and South Pole (r < 0.45, p < 0.02). Strong positive H 2 O 2 concentration trends observed in all cores start at the end of the 1950s or later (Figure 4 ) and will be discussed elsewhere (manuscript in preparation). Note that accumulation rates show no trend in the same time period (data not shown), with the exception of 01-5 (r = 0.46, p < 0.01). Previous long-term snowpack simulations at the South Pole suggested that the firn continues to lose H 2 O 2 to the atmosphere for at least 10-12 years ($3m) after burial at current local temperatures and accumulation rates [McConnell et al., 1998 ]. Layer depths corresponding to the year 1960 at the time of drilling at all of our core sites vary between 6.8 m at the South Pole and 32 m at 01-2. Therefore, 1911 -1960 averages are not affected by either recent temporal trends or, even at the driest sites, interaction with the atmosphere.
[30] H 2 O 2 losses, 1-(H 2 O 2(1911 -1960) /H 2 O 2(0.5years) ), are significant, ranging from 49 ± 21 % (range 13-73 %) at locations of high accumulation rates (group 2) to a maximum of 84 ± 12 % (66 -94 %) at low-accumulation sites (groups 1 and 3); fractions of H 2 O 2 preserved at depth (H 2 O 2(1911 -1960) /H 2 O 2(0.5years) ) correlate well with annual accumulation rates, r = 0.88 at p < 0.01 (Figure 6b ). The coldest sites (02-4, 02-5, South Pole) show the highest H 2 O 2 in the top layer with levels >250 ppbw (Figure 6a ), but at the same time also the most pronounced losses, >86%, consistent with continued reemission over several years due to low accumulation rates (Figure 6b ). In contrast, the near-surface H 2 O 2 concentration at the warm sites (groups 1 and 2) is less than 50% of the cold site value (mean 110 ppbw) (Figure 6a) , with the losses negatively correlated to accumulation rates (Figure 6b ). The combination of low accumulation rate and warm temperature (group 1) leads to strong, in the case of 99-2 and Siple Dome, almost complete loss of H 2 O 2 (Figure 6b) . At Siple Dome H 2 O 2 levels measured in a 1994 snow pit decrease, similar to our observations at 99-2, from 200 ppbw at the surface to <1 ppbw at 1.8 m and then below LOD at 2.63 m depth [McConnell, 1997; Kreutz et al., 1999] . These average long-term losses occur on a timescale of months and years. For comparison, observations at South Pole showed that on a timescale of days and weeks near-surface H 2 O 2 concentrations can change by as much as a factor of 4 following deposition events [Hutterli et al., 2004b] . Thus, most loss takes place at the surface right after deposition, but continued emissions are still significant for months and years depending on the accumulation rate.
[31] The losses discussed here are primarily due to physical exchange, although photolytical processes do take place as well. Photoformation of OH and H 2 O 2 within the snowpack has been observed at Alert, Nunavut, Canada [Anastasio and Jordan, 2004] , but that contribution is small at the conditions on the ice sheet [Hutterli et al., 2004a] . A comparison of the long-term average with snow concentrations predicted by the lab-determined ice-air equilibrium constant [Conklin et al., 1993] is difficult to make, since 'effective' annual H 2 O 2 mixing ratios at each site are not known. However, we estimate the deviation from equilibrium at mean atmospheric conditions using a semiempirical deposition model, as discussed below.
[32] Other processes, as yet not well understood, occur at depth and potentially affect millennial-scale records of H 2 O 2 . In Greenland cores, chemical loss of H 2 O 2 was observed below the bubble close-off depth in layers of elevated acidity and sulfate content, associated with volcanic eruptions and attributed to consumption of the oxidant by reaction with SO 2 [Laj et al., 1990; Sigg and Neftel, 1991; Anklin and Bales, 1997; Anklin et al., 1998 ]. We observed H 2 O 2 depletions in layers of high electrical conductivity and linked to volcanic eruptions used for dating, as noted above. Correlations between H 2 O 2 and CO 2 trapped in air bubbles in Greenland core samples suggested the possibility that H 2 O 2 might be depleted also through oxidation of organic compounds such as formaldehyde (HCHO) and thereby produce CO 2 [Tschumi and Stauffer, 2000] . In Greenland ice, additional corrections of $1% per century were suggested [Sigg and Neftel, 1991] . This effect is much smaller in the cleaner Antarctic ice where H 2 O 2 is preserved for more than 15 kyr [Neftel and Fuhrer, 1993] .
Spatial Variability
[33] Mapping of the 1911 -1960 average levels of H 2 O 2 shows intermediate to high concentrations, >33 ppbw, at all sites in the Thwaites and Pine Island Glacier basins (group 2) and other sites close to the ice divide between the Amundsen, Ross and Weddell Sea basins (00-1, 02-1, 02-2, 02-3, 02-4) ( Figure 7 ). Low concentrations, 0 -32 ppbw, prevail in the Ross Ice Drainage System (RIDS) toward the coast and on the East Antarctic Plateau (Figure 7) . Gradients in H 2 O 2 concentrations follow ice sheet topography and thereby illustrate the net impact of accumulation rate and mean temperature on preservation (Figure 7) . Within the Ross Ice Drainage System (RIDS), H 2 O 2 levels increase with elevation and decreasing distance to the ice divide, where accumulation rate are also higher [Kreutz et al., 2000a] (from below 1 ppbw at lower elevations (99-2, Siple Dome) to the highest levels found across the ice sheet (02-2)). Conversely, the gradient reverses sign between WAIS and the dry East Antarctic Plateau and preserved H 2 O 2 decreases with increasing elevation between sites 02-2, 02-3, 02-4, 02-5 and South Pole (Figure 7) .
[34] In general, the spatial pattern of the long-term mean H 2 O 2 concentrations mirrors the spatial distribution of accumulation rates. Accumulation rates vary spatially as a function of distance from the moisture source, prevalent atmospheric circulation, elevation due to the temperature dependence of water vapor pressure, and other orographic effects. Low accumulation rates in the Ross Ice Drainage System (group 1) and on the East Antarctic Plateau (group 3) and high rates in the Pine Island -Thwaites drainage sys- ) by up to three orders of magnitude. Large emission fluxes in the summer are consistent with the observed loss of H 2 O 2 in the top layers of the snowpack.
Sensitivity to Accumulation Rate and Temperature
[36] Calculation of empirical sensitivities of H 2 O 2 core preservation to environmental conditions at a single site is generally limited by the availability of all relevant deposition parameters and recent interannual variability might also not provide sufficient forcing to explore the full range of past and future climate change. We therefore adopted the current approach used for the stable isotope-temperature relationship [Jouzel et al., 2003] (Figures 8 and 9a ) reveals the existence of three clusters corresponding to groups 1, 2, and 3 described above and a clearly nonlinear relationship that is consistent with transfer model predictions [Hutterli et al., 2003, Figure 5d ].
[38] Within groups 1 and 2 annual H 2 O 2 increases with accumulation rate from levels below 1 ppbw until a plateau around 52 ppbw (range 46 -67 ppbw) is reached at accumulation rates >30 cm yr À1 (Figures 8 and 9a ). At higher rates surface snow is rapidly buried by subsequent accumulation before it can exchange with the atmosphere and virtually all deposited H 2 O 2 is preserved. Once accumulation rates drop below a threshold of $12 cm yr À1 at warm temperatures (À21.4°C at 99-2 and À25.4°C at Siple Dome) most H 2 O 2 is lost to the atmosphere (Figure 9a ). At cold sites (group 3) annual and 1911 -1960 mean H 2 O 2 levels at a given accumulation rate are higher than at the warm sites (Figures 8 and 9a ) and the extrapolation using the semiempirical model described below predicts complete loss below $7 cm yr À1 at an annual mean of À50°C (Figure 9a ). This is in agreement with snow pit measurements from Dome C (75.1°S/123.4°E; 2.7 cm yr À1 , À54°C) on the East Antarctic Plateau, where H 2 O 2 drops below 2 ppbw at 3.5 m depth (M. Hutterli, personal communication, 2005) . A simple relationship between annual H 2 O 2 and temperature is not apparent, since the accumulation rate effect dominates (Figure 9b) .
[39] Since time series of the remaining parameters important to H 2 O 2 preservation are lacking, we assess their impact qualitatively. According to transfer model calculations, atmospheric mixing ratios are linearly recorded in the snow under otherwise constant environmental conditions [Hutterli et al., 2003] . Summer atmospheric mixing ratios observed between 76°and 90°S varied spatially by a factor of 2 -3 because of differences in atmospheric moisture, actinic flux, photochemical precursors and strength of a physical snow pack source . The only existing H 2 O 2 measurements during polar night are from the coastal Neumayer station and were 0.054 ± 0.046 ppbv (range <0.03 -0.11 ppbv), with the high values explained by transport from lower latitudes as a consequence of increased atmospheric lifetime [Riedel et al., 2000] . Since meridional transport in winter between sunlit latitudes and the interior of Antarctica is reduced by the polar vortex, H 2 O 2 concentrations in the lower troposphere are expected to be close to zero throughout much of the study area. Thus, the average of the annual cycle of atmospheric H 2 O 2 can be assumed to be similar across the WAIS sites (groups 1 and 2), while it is likely lower on the East Antarctic Plateau (group 3). Any difference, however, cannot be distinguished in the core records since it is offset by more efficient uptake at the prevailing lower temperatures (Figure 9a ).
[40] Firn air diffusivity changes as a function of snow temperature, firn porosity and wind speed, all of which vary between sites . Recent observations at selected sites of our study showed that summer H 2 O 2 gas fluxes in the top snow layers are dominated by molecular diffusion rather than by forced ventilation from wind pump- Figure 9 . Observed 50-year averages of H 2 O 2 from 1911 to 1960 are shown as a function of (a) accumulation rate from the same period and (b) annual mean temperature. The response surface of the two-parameter semiempirical model fitted to the same H 2 O 2 averages is shown in Figure 9c . Data from Siple Dome [McConnell, 1997; Kreutz et al., 1999] , 99-2 (Table 1) , and Siple Station [Sigg and Neftel, 1988] ing . In addition, a model study for Summit, Greenland suggested that degassing of H 2 O 2 from firn is rather insensitive to firn air diffusivity [Hutterli et al., 2003] , so even in the event of systematic increases in wind speed we do not expect any significant effect on H 2 O 2 preservation.
[41] The seasonal cycle of snow accumulation rate is currently not known at the study sites. However, shifts in timing of accumulation can affect annual H 2 O 2 significantly, even if the mean annual accumulation rate remains constant. Changes in snowfall amount taking place in either spring or fall would have the most pronounced effect. If at Summit, Greenland an additional 10% of annual accumulation was deposited in April or October, average annual H 2 O 2 concentration in the firn would increase by up to 15% [Hutterli et al., 2003] .
[42] To further explore the variability of preserved H 2 O 2 concentrations we use site averages from 1911 to 1960, c H2O2 , from all sites, including Siple Dome and 99-1, to fit a semiempirical deposition model with two parameters, bulk accumulation, A, and mean annual temperature, T (1). Note that neither accumulation rates nor the H 2 O 2 record show significant temporal trends during this time and H 2 O 2 concentrations are not affected by ongoing loss to the atmosphere at these depths (see section 4.1) making it not necessary to include a loss term in the deposition model. In addition, using a 50-year mean limits the impact of interannual variability from accumulation timing on the model fit:
The model estimates the total H 2 O 2 concentration in the firn, c H2O2 , and includes four free parameters a 0 , a 1 , a 2 and a 3 . The last term in (1) describes the temperature-dependent ice-air partitioning with K d = exp(0.22109 T s 2 À 0.99248 T s + 8.8932), a second-order exponential fit to lab-determined
) [Conklin et al., 1993] (T s in Kelvin from ambient temperature T scaled with (T À m)/s, using m = 258.48 and s = 13.87) and a 3 , an ''effective'' annual mean atmospheric mixing ratio. Annual snow and firn concentrations of H 2 O 2 are expected to reflect not the arithmetic mean but rather an 'effective' annual H 2 O 2 mixing ratio or weighted average of the annual cycle of atmospheric H 2 O 2 according to the accumulation distribution throughout the year. The first two terms determine the deviation from the ice-air equilibrium as a function of accumulation rate. If both of these terms are equal but of opposite sign, the expression becomes c H2O2 = a 3 K d , implying that snow has reached equilibrium with the overlying atmosphere.
[43] Model fits are satisfactory (rmse = 10.2 ppbw), but deteriorate when parameter a 3 is prescribed with scaled 'effective' H 2 O 2 mixing ratios based on summer observations (rmse = 12.9 ppbw), or annual data from the 1911 -1960 period are used instead of the averages (rmse = 14.5 ppbw) (Table 3) . Since most data are in the À20 to À30°C range the best model fit (R 2 = 0.74) is largely controlled by accumulation rates as shown by the partial R 2 values of 0.55 and 0.03 for accumulation rate and temperature, respectively. Note that in the first two cases the fitted 'effective' annual H 2 O 2 mixing ratio a 3 (Table 3) is 10% of the bottom levels of the atmospheric H 2 O 2 range observed at Neumayer station in late winter to early spring [Riedel et al., 2000] . In the absence of long-range transport and postdepositional exchange, this is consistent with the bulk accumulation in the interior of Antarctica falling in the nonsummer months [Bromwich, 1988; McConnell et al., 1997a] , when atmospheric H 2 O 2 is low but uptake is also most efficient because of low temperatures. Qualitatively in agreement with the transfer model, our model fit predicts the largest deviations from the ice-air equilibrium (terms 1 and 2 in equation (1)) at the high-accumulation sites (group 2), where <6% of H 2 O 2 is explained by temperature, while at the dry sites (group 3), firn is near equilibrium with average annual conditions. The model captures average H 2 O 2 levels at all sites within the observed 1Às uncertainty (Figure 9a ), except at 00-7, RIDS-A, 02-3 and South Pole. This disagreement is most likely due to shifts in accumulation timing that are not accounted for in equation (1).
[44] The semiempirical model can be used as a diagnostic tool to assess the potential impact of past and future climate change on multiannual average H 2 O 2 concentrations at depths where no more postdepositional loss is occurring given that (1) the model fit is specific to the WAIS region and (2) annual cycles of temperature, accumulation rate, and atmospheric mixing ratios are assumed to be stationary and comparable in shape across the study region. Implications for the interpretation of trends in the WAIS H 2 O 2 core records are as follows. Changes in annual temperature smaller than 2°C within the À22 to À50°C range have no noticeable effect on annual H 2 O 2 at sites warmer than À35°C and only a minor impact at colder sites (Figures 9b  and 9c ). Interannual 1Às variabilities of air temperature observed at Byrd and South Pole from 1979 to 2000 are 1.0°C and 1.3°C, respectively, and indeed, no significant correlations between annual temperatures and annual H 2 O 2 are found in the cores closest to the AWS. While the mean temperature trend for all Antarctic stations for 1959 -1996 is +1.2°C century
À1
, annual air temperatures at the South Pole have cooled À2.0°C century À1 since 1958 but have warmed on the Antarctic Peninsula +3.3 to +5.6°C century À1 since the 1950s [Vaughan et al., 2001] . Therefore, we do not expect to see an impact of recent temperature trends on the centennial-scale H 2 O 2 ice core record in the interior of WAIS, where annual mean temperature is greater than À35°C (see also Figures 9b and 9c) . However, more significant change such as the $8°C warming at the LGM-Holocene transition [Jouzel et al., 2003] needs to be taken into consideration when interpreting H 2 O 2 records from deep cores in the study area.
[45] Sensitivities of H 2 O 2 concentrations to variability in accumulation rate at a given annual mean temperature themselves vary as a function of annual accumulation rate (Figure 9a) . High-accumulation sites (group 2 with >30 cm yr À1 ) are least sensitive to changes in annual mean accumulation rate. Higher accumulation rates coincide generally with higher local mean temperature (group 2 with >À35°C), making these sites also less sensitive to temperature changes as mentioned above. Group 1 sites (including 00-1 (Figure 9c ), which is closest to the candidate drill site for a new deep core (H. Conway et al., 2005 , Candidate drill site near the Ross-Amundsen ice divide, West Antarctica, available at http://www.ig.utexas.edu/research/projects/ waiscores2/icwg05)), are more sensitive to change in accumulation rates, with the greatest sensitivity at rates smaller than 20 cm yr À1 (Figures 9a and 9c) ; a 50% increase of annual net accumulation rate at a 15 cm yr À1 site would lead to an 80% increase in average H 2 O 2 concentrations. Group 3 sites show even more sensitivity, indicated by the steeper slope of the model fit at accumulation rates <20 cm yr À1 (Figure 9a) .
[46] These statements are supported by the evaluation of the standard deviations in the detrended time series of both accumulation rates and H 2 O 2 concentrations during 1911 -1960. The accumulation rate variability increases with the annual accumulation rate within groups 1 and 3 and shows large scatter above 25 cm yr À1 (Figure 10a) . Similarly, the variability in H 2 O 2 concentration shows a steep increase with the average and 1 s of accumulation rate at group 1 sites, where sensitivities are also predicted to be large (Figures 10b and 10c) . At high-accumulation sites (group 2) the variability of H 2 O 2 concentration appears to level off if 02-2 is considered an outlier. At group 3 sites, standard deviations of H 2 O 2 concentrations indicate, consistent with the model, the largest response to increases in mean and 1 s of accumulation rate (Figures 10b and 10c) .
Regional and Large-Scale Climate Variability
[47] In order to determine regional and large-scale climate variability in the H 2 O 2 record we evaluated the spatiotemporal structure of the anomalies during the overlap time period 1911 -1993 using principal component analysis (PCA). The annual data sets of accumulation rates and H 2 O 2 concentrations from 20 core sites (01-6, 02-5, RIDS-C excluded) were first detrended by subtracting a third-order polynomial fit and then normalized to unit variance and zero mean. For each normalized observation matrix X 0 the eigenvector matrix E, equivalent to the empirical orthogonal functions (EOF), was calculated to construct then with Z = E T X 0 the matrix Z containing the principal component (PC) time series. The 95% confidence intervals of the EOFs computed after North et al. [1982] , with the degrees of freedom determined following Bretherton et al. [1992] , suggest that only EOF1 is statistically significant, that is for both parameters well separated from the other modes. The leading EOF (EOF1) Z, where L is the eigenvalue matrix. The original unnormalized observations X were then projected onto Z 0 , D = XZ 0T /N (sample length N), in order to construct a set of functions D that represent the real amplitude of the spatial patterns. EOF1 is plotted for both parameters as a covariance map displaying the amplitudes D in the real data associated with one standard deviation of the first PC (PC1) (Figures 11a and 11b) . Accumulation covaries strongly in the Pine Island -Thwaites drainage systems (anticorrelation with the PC1) with the exception of site 01-3 (Figure 11a ). Less covariance and a switch to the opposite sign (00-6, 00-7, 02-1, 02-4 and South Pole), indicating a different climate regime, are encountered at sites across the ice divide in the Ross Ice Drainage System (RIDS) and at sites on the East Antarctic Plateau (Figure 11a ). As expected from the close link to accumulation rates, a similar pattern is found in the mapped covariances of H 2 O 2 concentrations, with most of the covariance occurring in the Pine Island -Thwaites drainage system across distances as far as >600 km ( Figure 11b) ; exceptions are sites 02-1 and 02-2 where signs are different compared to the accumulation map.
[48] The PCA results are supported by evaluating the linear correlation coefficients (Pearson's r) for all combinations of core sites using the 1900 -2002 anomalies of detrended annual accumulation rates and H 2 O 2 concentration (data not shown). Both positive and negative correlations significant at the 95% level are found in the annual accumulation rate and H 2 O 2 record between sites across the whole study area. When using a 5-year raised cosine filter to smooth time series of both parameters the number of occurrences and strengths of significant correlation increase (Table 4) . Temporal filters generally improve correlations between core records since they suppress glaciological noise, which originates from uncertainties in the depth-age scale and density measurements, small-scale spatial variability caused by local topography, ice flow and changes in storm paths affecting advection of moisture [McConnell et al., 2000b] . Significant correlation in the smoothed H 2 O 2 concentration time series occurred over distances as far as 400 km within the Ross Ice Drainage System (0.27 < r < 0.83, p < 0.05), the Pine Island -Thwaites glacier basins (0.22 < r < 0.53, p < 0.05) and on the East Antarctic Plateau (À0.21 < r < 0.82, p < 0.05) ( Table 4) . Spatial correlation in the smoothed accumulation records was less strong and at times negative with À0.25 < r < 0.55 (p < 0.05) in the Ross Ice Drainage System, 0.21 < r < 0.68 (p < 0.05) in the Pine Island -Thwaites glacier basins and À0.39 < r < 0.48 (p < 0.05) on the East Antarctic Plateau (Table 4) . For comparison, significant spatial correlation of r ranging from 0.63 to 0.78 (p < 0.01) in 2 kyr records of H 2 O 2 has been found previously in three ice cores drilled in Dronning Maud Land, East Antarctica (75°S, 3°W-6°E) 122 km and 183 km apart from each other .
[49] The temporal structure in the leading EOF is revealed by the PC1 time series of the anomalies in accumulation rates (Figure 12a ) and H 2 O 2 concentrations (Figure 12b ). Two features are important to note. First, they are significantly correlated at r = 0.30 (p < 0.05), consistent with the above finding of a close link between accumulation rate and H 2 O 2 concentration. Second, both PC1 time series show intermittent negative and positive correlation with the SOI (Figures 12c and 12d ). Pearson's r values from a 10-year centered running correlation greater than 0.6 are statistically significant (p < 0.05). In the case of the PC1 of accumulation rate they coincide with strong El Niño (1940) (1941) (1942) and La Niña (1950s) events and range then from 0.67 to 0.83 (Figure 12c ). Strength and sign of correlation between the PC1 of H 2 O 2 concentration and the SOI vary in a similar way, but reach statistical significance only during the 1950s (Figure 12d ). Sites in the Pine IslandThwaites drainage system are out of phase with SOI, while sites in the Ross Ice Drainage System and on the East Antarctic Plateau are either in phase or out of phase, with just a small amplitude explained by the main mode of variability (Figure 11a) .
[50] The direct comparison between the detrended, smoothed and normalized records of individual core sites and the SOI further corrobarates the PCA findings. Linear correlations between accumulation rate (H 2 O 2 ) records and SOI were statistically significant at 12 (4) out of 23 sites (p < 0.05) with À0.51 < r < 0.47 (À0.41 < r < 0.51), when the entire 1900 -2002 period was considered (data not shown). Analysis of the 10-year centered running correlation between the 1900 -2002 time series confirmed that during periods of high SOI variability a statistically significant (p < 0.05) imprint of the ENSO signal is found in the records of accumulation rate and H 2 O 2 . The total number of years during which the 10-year correlation between accumulation rate and SOI was significant ranged for all sites between 0 and 42 years (Table 5) . Sites which showed the best preservation of the ENSO signal in the accumulation rate record, with time periods of significant correlation exceeding 29 years, were found throughout the study area including the Pine Island -Thwaites glacier basins (00-3, 01-4), the Ross Ice Drainage System (00-1, 00-7) and the East Antarctic Plateau (South Pole, 02-2) (Table 5). In case of H 2 O 2 sites with the most extended time periods of significant correlation with the SOI were found in the Pine Island -Thwaites glacier basins at 00-2, in the Ross Ice Drainage System at 00-5 and RIDS-A, and on the East Antarctic Plateau at South Pole, 02-3 and 02-5 (Table 5) . While the correlation strength is not exactly mirrored the phase relationship between H 2 O 2 and SOI corresponds at most sites to the one between accumulation rate and SOI (Table 5) .
[51] The observation of an intermittent teleconnection between accumulation rates and the SOI in the study region confirms a previous model study. Accumulation data from the new ERA40 reanalysis and from a 200-year simulation were shown to have a robust mode of variability in West Antarctica with an intermittently strong El Niño -Southern Oscillation (ENSO) signature [Genthon and Cosme, 2003] . Because of the link between accumulation rates and H 2 O 2 concentration, we find the ENSO imprint also in the H 2 O 2 record; it is intermittent as in the case for accumulation rates and mostly visible during extended periods of extreme events (Figure 12d ). This explains also the finding that power spectra of the annual H 2 O 2 data contain statistically significant peaks at ENSO-like periodicities of 2 -7 years.
Conclusions
[52] The temperature and accumulation variability in West Antarctica and covered by the U.S. leg of the International Trans-Antarctic Scientific Expedition (ITASE) Figure 11 . The spatial pattern of the leading EOF (EOF1) from (a) annual accumulation rates and (b) annual H 2 O 2 concentrations is shown as a covariance map displaying amplitudes in the original time series in cm yr À1 and ppbw associated with one standard deviation of the respective principal component (PC1) depicted in Figure 12 . Note that 14.2% (16.1%) of the total variance present in the 20-dimensional system of accumulation (H 2 O 2 ) records is explained by the EOF1. Colored symbols mark the ice core locations included in the analysis with identifiers given in Figure 1 ; small black dots indicate the remaining locations. The dashed black line represents the approximate location of the ice divide. offer both a replicated record of H 2 O 2 for evaluation of past atmospheric change and an excellent test of our air-snow transfer model, previously applied at Summit, Greenland and South Pole.
[53] The multicentury H 2 O 2 records preserved across West Antarctica at all but the warmest (>À25°C), intermediate to low annual accumulation (<13 cm yr
À1
) sites vary systematically with temperature and accumulation. H 2 O 2 concentrations of the most recent year are negatively correlated with annual temperature. H 2 O 2 levels preserved in deeper firn/ice correlate positively with mean accumulation rates, leading to the optimum net preservation of H 2 O 2 where accumulation rate is high (>30 cm yr À1 ) and temperatures are low (<À31°C). The empirical dependencies of near-surface H 2 O 2 onsite temperature and of long-term loss onsite accumulation rate confirm our current understanding of the controlling physics as they are consistent with the existing physical atmosphere-to-snow transfer model. Spatial replication is especially important given the considerable interannual variability in seasonal accumulation rates in Antarctica, which results in highly variable ice core concentrations of all impurities from year-to-year even with no change in atmospheric forcing.
[54] Recent changes of annual mean temperature observed in Antarctica do not have any noticeable effect on the H 2 O 2 ice core record in the interior of West Antarctica and interannual variability of annual H 2 O 2 concentration is dominated by accumulation rate change under the current WAIS temperature regime. The close link to accumulation is further demonstrated by the imprint of a large-scale climate signal in the H 2 O 2 record. The intermittent but high correlation between the first PC time series of H 2 O 2 concentration anomalies and the SOI during the 20th century explains the occurrence of significant spectral peaks at ENSO-like periodicities in the H 2 O 2 record from the West Antarctic Ice Sheet.
[55] Core records of H 2 O 2 at high-accumulation sites (>30 cm yr À1 ) are most suitable for detection of temporal changes in atmospheric concentration for two reasons. First, they are less sensitive to recent change in annual mean temperature and accumulation rate. Second, strong covariance in accumulation rates and H 2 O 2 concentrations across distances as large as 600 km in the region allow stacking of core records in order to obtain statistically more robust results. Future work will need to address the uncertainties related to the timing of accumulation and how atmospheric and accumulation rate changes contributed to the positive trends observed in the H 2 O 2 records.
[56] On the basis of the combination of low annual mean temperature and high annual accumulation rate, site 02-2 is an optimum site for the recovery of a future millennial-scale H 2 O 2 record. The closest site to the planned WAIS Divide core, 00-1, being $2°C warmer and having 35% less annual accumulation than 02-2, will still provide a good millenialscale record of H 2 O 2 with the seasonal cycle preserved for over 300 years. On the other hand, parameter combinations where the semiempirical model predicts complete loss provide guidance in the design of future spatial sampling for H 2 O 2 records in West Antarctica. The 1900 -2002 time series of annual accumulation rate and H 2 O 2 concentration were detrended by substracting a third-order polynomial fit, filtered with a 5-year raised cosine filter and normalized to unit variance and zero mean. A 10-year centered running correlation was then run between each data set and the normalized annual SOI.
b All sites are sorted in decreasing number of significant correlations between accumulation rate and SOI; excluded were the short records of Listed are the number of occurrences of significant negative and positive linear correlation (p < 0.05) within the moving 10-year window, corresponding typically to jrj $ 0.6; numbers in parenthesis indicate all significant correlations in percent of the total number of years for which r could be calculated.
